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1 Introduction/Motivations: 

Super|^janmetry (SUSY) is the most attractive extension of the Standard Model 
(SM) Ero'cl. It not only stabilizes the huge hierarchy between the weak and GUT 
scales against radiative corrections, but also if SUSY is broken at a sufficiently high 
scale, it allows us to understand the origin of the hierarchy in terms of radiative 
gauge symmetry breaking. Moreover, SUSY models offer a natural solution to the 
dark matter problem and allow for a consistent unification of the all known gauge 
couplings. Many new particles are predicted in these theories; the search for these 
states and the study of their properties, is and will be, one of the major goals of 
present and future colliders. 

A wide range of searches for supersymmetric particles are performed at present 
colliders, in particular at LEP and the Tevatron, and no direct signal beyond the SM 
expectation was observed yet, unfortunately. Therefore new limits on the masses 
of these particles, assuming different models, are set by the various experiments; 
see for instance Refs.Q'^ Most of the experimental limits at LEP2 are close to the 
kinematical thresholds Q, and the discovery of SUSY particles has to await for the 
upgraded TevatronlZl, the LHCS or for a future e"*"e~ linear coUiderlj. 

However, rather than waiting for these future experiments, one could use the 
enormous amount of electroweak precision data on Z and W bnsnns collected at 
the e+e" colhders LEP and the SLC, and at the Tevatron BQ. These high- 
precision measurements provide a unique tool in the search for indirect effects of 
new particles, and in particular SUSY particles, through possible small deviations 
of the experimental results from the theoretical predictions of the minimal SM. This 
is what I will try to summarize in this Lecture. 

In section 2, 1 will briefly describe the Minimal Supersymmetric extension of the 
Standard Model (MSSM) , summarise the experimental limits on the SUSY particle 
masses and the high-precision measurement of the electroweak observables. In 
section 3, I will discuss the observables where potentially large effects form SUSY 
particles could be expected: the Z boson decay widths into hadrons, the W/Z boson 
self-energies and the radiative decay 6 sj. In section 4, I will focuss on the p 
parameter, and show an exemple of a calculation of SUSY-QCD corrections at the 
two-loop level, highlightening the new features compared to SM calculations. 
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2 Physical Set Up 



2.1 The Minimal Supersymmetric Standard Model 

The MSSM is the most economical low-energy supersymmetric extension of the 
SM. The unconstrained model is defineiJpy the following four basic assumptions 
[for more details, see the reviews in Ref. ErB]: 

- It is based on the SM gauge symmetry SU(3)c x SU(2)l x U(1)y. SUSY 
implies then, that the spin-1 gauge bosons, and their spin-1/2 superpartners the 
gauginos [bino B, winos Wi_3 and gluinos ^i-s] ^re in vector supermultiplets. 

- There are only three generations of spin-1/2 quarks and leptons [no right- 
handed neutrino] as in the SM. The left- and right-handed chiral fields belong 
to chiral superfields together with their spin-0 SUSY partners the squarks and 
sleptons. In addition, two chiral superfields with respective hypercharges —1 and 
+1 for the cancellation of chiral anomalies, are needed. Their scalar components 
give separately masses to the isospin +1/2 and —1/2 fcrmions. Their spin-1/2 
superpartners, the higgsinos, will mix with the winos and the bino, to give the mass 
eigenstates, the charginos 2 ^^'^ neutralinos X1.2 3 4- 

- To enforce lepton and baryon number conservation, a discrete and multiplica- 
tive symmetry called R-parity is imposed. The R-parity quantum numbers are 
R = +1 for the ordinary particles and R = —1 for their supersymmetric partners. 
The conservation of i?-parity has important consequences: the SUSY particles are 
always produced in pairs, in their decay products there is always an odd number of 
SUSY particles, and the lightest SUSY particle (LSP) is absolutely stable. 

These conditions are sufficient to completely determine a globally SUSY La- 
grangian. The kinetic part is obtained by generalizing the notion of covariant 
derivative to the SUSY case, and one then has to add the most general super- 
potential compatible with gauge invariance, renormalizability and R-parity. 

To break SUSY, while preventing the reappearance of the quadratic divergences, 
one adds to the previous Lagrangian a set of terms which explicitly but softly breaks 
SUSY: mass terms for the gluinos, winos and binos; mass terms for the scalar 
fermions; mass and bilinear terms for the Higgs bosons; and trilinear couplings 
between sfermions and Higgs bosons. 

This unconstrained MSSM, for generic values of the parameters, might lead 
to severe phenomenological problems, such as flavor changing neutral currents 
(FCNC), unacceptable amount of additional CP-violation, color and charge break- 
ing minima, etc... Furthermore, it contains a huge number of free parameters, which 
are mainly coming from the scalar potential: if we allow for intergenerational mix- 
ing and complex phases, 105 unknown parameters are introduced in addition to the 
19 parameters of the SM! This feature of course will make any phenomenological 
analysis a daunting task. There are, fortunately, several phenomenological con- 
straints which make some assumptions reasonably justified to constrain the model. 
Assuming that there are: no new source of CP-violation, no FCNC first and second 
generation sfermion universality will lead to 19 new input parameters only. Such a 
model, with this relatively moderate number of parameters [especially that, in gen- 
eral, only a small subset appears when one looks at a given sector of the model] has 
much more predictability and is much easier to be discussed phenomenologically. 
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All the phcnomenological problems of the unconstrained MSSM discussed pre- 
viously are solved at once if one assumes that the MSSM parameters obey a set 
of boundary conditions at the Unification scale. These assumptions are natural in 
scenarii where the SUSY-breaking occurs in a hidden sector which communicates 
with the visible sector only through gravitational interactions. These unification 
and universality hypotheses are as follows: unification of the gaugino masses TO1/2; 
universal scalar [sfermion and Higgs boson] masses mo ; universal trilinear couplings 
Aq. Besides these three parameters, the SUSY sector is described at the GUT scale 
by the bilinear coupling B and the higgsino mass parameter fi. However, one has 
to require that electroweak symmetry breaking takes place. This results in two 
minimization conditions of the Higgs potential and the equations can be solved for 
B and |^|. Therefore, in this model, we will have only four continuous and one 
discrete free parameters: tan/3 [the ratio of the vev's of the two-Higgs doublet 
fields], TOi/2, Wo, and sign(/i). This model, usually referred to as the minimal 
Supergravity model or mSUGRA, is clearly appealing and suitable for thorough 
phenomenological and experimental scrutinity. 

2.2 Lower limits on SUSY particle masses 

The searches for SUSY particles at LEP concern sleptons, stops, sbottoms, charginos 
and neutralinos. These various particles decay to SM particles and two LSPs; 
therefore, SUSY signatures consist of some combination of jets or/and leptons and 
missing energy since the LSP escapes detection. The signal topology and the back- 
ground conditions are in practice affected by the SUSY particle and the LSP mass 
difference (AM = mgusY — "z^o) which controls the visible energy. Since all the 
background sources are due to well calculable processes with reasonable production 
cross sections compared to the signal, most of the decay channels are studied at 
LEP2. Another important key domain concerns the searches for the MSSM Higgs 
bosons. Presently, only the lighter neutral Higgs bosons h and A can be discovered 
at LEP2, since the CP-even Higgs boson H and the charged Higgs bosons 
are expected to be too heavy. Each experiment (ALEPH, DELPHI, L3, OPAL) 
has accumulated data ~ 55 pb~^ at ^/s — 183 GeV in 1997. In October 1998, an 
amount of 150 pb~^ at y/s = 189 GeV is already recorded by each experiment, but 
the results including all the statistics for 1998 are not yet available. 

At the Tevatron the main sources for SUSY are squarks and giuinos, abundantly 
produced due to the color factors and the strong coupling constant. Squarks or 
giuinos are produced in pairs, and decay directly or via cascades to at least two 
LSP's. The classical searches rely on large missing transverse energy caused by the 
escaping LSPs. In addition, charginos and neutralinos are searched for via their 
leptonic decay channels by the two Tevatron experiments CDF and DO. Finally, 
searches for the MSSM charged Higgs boson are performed, and bounds on its mass 
have been set by both experiments. Each experiment has collected an integrated 
luminosity of about 110 pb~^ at ^/s = 1.8 TeV. 

Since no evidence for production of supersymmetric particles has been found 
at LEP or the Tevatron, experimental limits on their production cross sections and 
masses has been derived. The mass limits are summarised in Table 1 from Ref.u. 
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Particle 


Assumptions 


Limit 


Exp. source 


h 


tan R >n 8 


1 0.0 


T,F,P2 Cnmh 

1j1_J1 ^ K^KJLILIJ . 


A 


tan /9 >n 8 


7Q 1 

i . 1 


T,EP2 Cnmh 

1j1_J1 ^ K^KJLILIJ . 


11 


±J1 I 11 J Ul I 11 ^ t^O 1 1 


uo 


T F,P9 Cnmh 








T FPO Pr»i-nK 

LiEjr z, v._yOniD. 


m. 


BR(/2r ^ ^xi ) = A M > 20 GeV 


71 


LEP2 Comb. 




BR(fR -> Tx?) = l, A M > 20 GeV 


75 


LEP2 Comb. 


V 




43 


LEPl Tz 


tl 


BR(ti ^ cx?)=l, A M > 15 GeV 


83 


LEP2 Comb. 




BR(ti -> cxi )=1, LEP2; ni^o < 50 GeV 


122 


CDF 


bi 


BR(bi 6xi ) = A M > 15' GeV 


75 


LEP2 Comb. 


q 


niq > nig 


216 


CDF 




niq > nig 


260 


DO 


g 


^ < -100 or /i > 200 GeV 


173 


CDF 




^ < -100 or /i > 200 GeV 


187 


DO 


xt 


Higgsino AM > 3 GeV 


63 


LEP2 Comb. 




Gaugino nio > 200 GeV 


94.3 


LEP2* 


X? 


Large nio 


32.5 


LEP2* 



Table 1: Summary of lower mass limits obtained at the Tevatron and at LEP2 up to yG = 183, 
189 GeV [* at which just a small fraction of data has been used]; From Ref. [4]. 

2.3 High-precision data 

The e"'"e~ colliders LEP and the SLC, in operation since 1989, have collected an 
enormous amount of electroweak precision data on Z and W bosons. Measurements 
at the Z~pole of Z boson partial and total decay widths, polarisation and forward- 
backward asymmetries where made at the amazingly high accuracy of the level of 
one percent to one per mille; see Table 2 from Ref.Ed. The W boson properties have 
in parallel been determined at the pp collider Tevatron with a constant increase in 
accuracy. The ongoing experiments at LEP2 and the near-future Tevatron upgrade 
will also, in the coming years, provide us with further increase in precision, in par- 
ticular on the mass of the W and the SLC might continue to improve the impressive 
accuracy already obtained in the electroweak mixing angle. 

Another measurement of interest here, is the branching ratio for the radiative 
flavor changing decay B Xgj performed at LEPl and by the CLEG collaboration. 
The most precise value and the SM expectation for the branching ratio are 113: 

BR{B Xsj) X 10-* [3.14 ± 0.48]exp and [3.29 ± 0.33]th 

The availability of both highly accurate measurements and theoretical predic- 
tions, at the level of 0.1% precision and better, provides tests of the quantum 
structure of the SM, thereby probing its still untested scalar sector, and simul- 
taneously accesses alternative scenarios such as the supersymmetric extension of 
the SM. Indeed, the lack of direct signals from new physics beyond then makes 
the high-precision experiments a unique tool also in the search for indirect effects, 
through possible small deviations of the experimental results from the theoretical 
predictions of the minimal SM. 
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Table 2: Precision observables: experimental results from combined LEP and SLD data for Z 
observables and combined pp and LEP data for Myv ^ with the SM predictions; From Rcf. [11]. 



Observable 


Exper. value 


SM best fit 


Mz (GeV) 


91.1867 ±0.0019 


91.1865 


Vz (GeV) 


2.4939 ± 0.0024 


2.4956 


a^^"'^ (nb) 


41.491 ±0.058 


41.476 


Rhad 


20.765 ±0.026 


20.745 


Rb 


0.21656 ±0.00074 


0.2159 


Rc 


0.1732 ±0.0048 


0.1722 




0.01683 ±0.00096 


0.0162 


A'' 

^FB 


0.0990 ± 0.0021 


0.1029 


^FB 


0.0709 ±0.0044 


0.0735 


Ab 


0.867 ±0.035 


0.9347 


Ac 


0.647 ±0.040 


0.6678 


Ap 


1.0041 ±0.0012 


1.0051 


sin^ 9w 


0.23157 ±0.00018 


0.23155 


Mw (GeV) 


80.39 ±0.06 


80.372 



3 Potentially large virtual SUSY effects 

3.1 The p parameter 

A possible SUSY signal might come from the corjlriiLution of the SUSY particle 
loops to the electroweak gauge-boson self-energies EjEil: if there is a large splitting 
between the masses of these particles, the contribution will grow with the mass 
of the heaviest particle and can be sizable. This is similar to the SM case, where 
the top/bottom weak isodoublet generates a quantum correction that grows _as 
TO(. This contribution enters the electroweak observables via the p parameter Ej, 
which measures the relative strength of the neutral to charged current processes at 
zero momentum-transfer. It is mainly from this contribution that the top-quark 
mass has been successfully predicted from the measurement of sin^ 6\v and M^y , a 
triumph for the electroweak theory. 

The p parameter, in terms of the transverse parts of the W- and Z-boson 
self-energies at zero momentum-transfer, is given by 

P=il- Ap)-i ; Ap = nzz(0)/M| - Ilww{0)/M^ (1) 

In the SM, the contribution of a fermion isodoublet (u, d) to Ap reads at one-loop: 

^Po''-^,Fo{mlml) , F,ix,y) ^ x + y - ^\og^ (2) 

The function Fq vanishes if the u- and rf-type quarks are degenerate in mass: 
Jo("T.g,TO^) = 0; in the limit of large quark mass splitting it becomes proportional 
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to the heavy quark mass squared: Fo{m^,0) ~ m^. Therefore, in the SM the only 
relevant contribution is due to the top/bottom weak isodoublet. Because mt 3> 
nib, one obtains Ap™ = 3G ftti^ / {8^/27r'^) , a large contribution which allowed for 
the prediction of mt- However, in order that the predicted value agrees with the 
experimental one, QCD corrections have to be includecL These two-loop corrections 
have been calculated ten years ago, leading to a result l3: Ap™ = — ApQ^•|^(l + 
7r^/3). For the value — 0.12, the QCD correctionEZi decreases the one-loop result 
by approximately 10% and shifts mt upwards by an amount of 10 GeV. 

In the SUSY extension of the SM, additional contributions might come from 
the additional Higgs bosons, the charginos and neutralinos as well as well from the 
scalar fermions which could possibly have large mass splittings. 

The first set of possible contributions might be due to the extended Higgs sector 
which leads to a quintet of scalar [two CP-even h and H, a pseudoscalar A and 
two charged H^] particlesB. While a strong upper bound on the mass of the light 
Higgs boson h can be derived, < 130 GeV, the heavy neutral H, A and charged 

Higgs bosons rtiay have masses of the order of the electroweak symmetry scale 
up to about 1 TeVH. In a general two-Higgs doublet model, the masses of these 
Higgs bosons are not related, and large mass splitting between the particles might 
be present, leading to possible large contributions to the p parameter 113. In the 
MSSM, however, the Higgs system is strongly constrained and is described by two 
parameters [up to radiative corrections which will not alter the discussion]: one 
mass parameter which is generally identified with the pseudoscalar A mass. Ma and 
tan /3. The Higgs boson masses and couplings to gauge bosons are related in such a 
fURy that they lead to large cancellations in their contributions to the p parameter 
liJ. For instance, in the decoupling limit where the A boson mass is large compared 
to Mz, the heavy Higgs bosons are nearly mass degenerate, Mh — Mjj± ~ Ma, 
and their couplings to gauge bosons tend to zero, while the lightest CP-even h 
particle reaches its maximal mass value, and has almost the same properties as the 
SM Higgs particle. The contribution of the Higgs sector of the MSSM to the p 
parameter is then practically the same as in the SM, i.e. giving rise to logarithmic 
log Mh/Mz effects which are rather small eI. 

The two charginos and the four neutralinos of the MSSM might also have large 
mass splittings. In fact, when the higgsino mass parameter p, is large compared to 
the gaugino masses, one has the mass hierarchy: 2m^o ^ m^o ~ to + 3> m^o ~ 

I Ai X2 Xi -"^a 

TO^o ~ J would expect large contributions to Ap. However, a close 

inspection of the mass matrices for neutralinos and charginos, shows that the only 
terms which could break the custodial SU(2) symmetry, and hence contribute 
the p parameter, are proportional to Mw only. This leads to a contribution 
Ap < 10"'* which is much too small to be detected; see Table 2. 

Another possible contribution might come from the scalar partners of each SM 
fermions, /. The current eigenstates, /l and /a, mix to give the mass eigenstates. 
The mixing angle is proportional to the fermion mass and therefore is important 
only in the case of the third generation scalar fermions. In particular, due to the 
large value of mt, the mixing angle 9^: between and t/j can be very large and lead 
to a scalar top quark ti possibly much lighter than the t-quark and all the scalar 
partners of the light quarks. The mixing in the 5-squark sector can be sizable only 
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Figure 1: Diagrams for the contribution of squarks to the gauge boson self-energies at one— loop. 



in a small area of the SUSY parameter space. Neglecting this mixing, Ap is given 
at one-loop order by the simple expression [st = sin 9^, Ct — cos 9f\ 

= ^ ["^*'*^° H'-O H'<) +^?^o H'<)] (3) 

As can be seen from _Fo in eq. (2), the contribution of a scalar quark doublet vanishes 
if all masses are degenerate. This means that in most SUSY scenarios, where the 
scalar partners of the leptons and light quarks are in general almost mass degenerate, 
only the third generation will contribute. In a large area of the parameter space, 
the scalar top mixing angle is either very small 0^ ~ or maximal, 9^ ^ — 7r/4. 
The contribution App^^^ is shown in Fig. 2 as a function of the common scalar 
mass niq — ^ — m-j^^ for tan/3 = 1.6 in these two scenarios [tolr ~ and 200 
GeV, respectively, where ttilr is the off-diagonal term in the t mass matrix] . The 
contribution can be at the level of a few per mile and therefore within the range of 
the experimental observability. Relaxing the aaamnption of a common scalar quark 
mass, the corrections can become even largerEjo. 
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3.2 Z boson decays into hadrons 



Because of the large value of , the potentially largest SUSY effects are expected to 
come from corrections involving strong interactions. One of the simplest cases where 
SUSY-QCD corrections can be looked for is the cross section for e+e~ hadrons. 
In addition to the standard corrections, virtual gluon exchange and gluon emission 
in the final state, one has also diagrams where squarks and gluinos are exchanged 
in the loops 113. Unfortunately, because gluinos and squarks are expected to have 
masses above ~ 200 GeV, the corrections are rather small at present energies. For 
instance, for the hadronic width of the Z boson, T{Z qq) , the SUSY-QCD 
correction is less than 0.2% for realistic values of uig and niq, which is less than the 
experimental accuracy of the measurement. 

Another source of possible large SUSY effects is the Zbb vertex which can alter 
the SM prediction for the decay width T{Z — > bb) or Rt which is measured with an 
accuracy of a few per mile; see Table 2. Indeed, the couplings of the Higgs bosons to 
bottom and top quarks are, respectively, proportional to rub tan (3 and mt/ tan/3 so 
that the couplings to b{t) quarks are enhanced for large (small) values of tan/3. The 
exchangees of the light h,A bosons with 6-quark loops for high-tan/? and/or the 
charged 77+ boson with t-quark loops for low tan /3 might lead to large contributions 
to the Zbb |jiertex. In addition, chargino and top squarks can be exchanged in the 
Zbb vertex Ell, and since the xfib coupling is also proportional to irit/ tan/3, large 
contributions can occur in the vertex. 

These two corrections were extensively discussed in the context of the Rb crisist3 
a few years ago, when this quantity showed a 4cr deviation from the SM expectation. 
However, with the present experimental bounds on the Higgs bosons, charginos and 
top squark masses, these corrections are now too small to be detectable with the 
present accuracy on Ri,. 

3.3 The decay b ^ sj 

In the SM, the radiative and flavor changing decay b s"f is mediaLed by loops 
where top quarks and ly-bosons are exchanged. In SUSY theories CJ, additional 
contributions are provided by loops of charginos and stops and loops of top quarks 
and charged Higgs bosons. Since both SM and SUSY contributions appear at the 
same level of perturbation theory, the measurement of the inclusive decay B — > X^j, 
turns out to be a very powerful tool to constrain the MSSM. 

Indeed, assuming for instance that the stop/chargino loops as absent, as is 
the case in a general two-Higgs doublet model, the charged Higgs boson mass 
can be strongly constrained from TJi/top contribution to the decay. The present 
experimental value given by CLEO t3, implies for instance Mh± > 260 GeV. In 
the MSSM, a possible negative interference between the chargino/stop and the 

boson loops might take place, leaving out only the SM contribution. This 
happens only in some areas of the MSSM parameter space; in other areas, SUSY 
loop contributions can generate unbearable effects in the decay. For instance, for 
an mass of the order of 100 GeV, the sum of the chargino and the stop mass 
should be smaller than 400 GeV in order not to violate the experimental bound 
on the decay; the measurement can thus lead to interesting and strong constraints. 
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3.4 Global Fits 



Since for the time being, no deviation from SM expectations has been identified, 
the presence of SUSY particle contributions to the precision observables can be 
exploited to constrain the allowed range of the MSSM parameters. This can be 
done by looking at specific observables in which only a small set of SUSY parameters 
enters, but one can also make a global fit of the complete set of data where all SUSY 
parameters are involved. Due to the proliferation of the unknown parameters, this 
is rather difficult to achieve in the unconstrained MSSM. In the mSUGRA model, 
however, thanks to the restricted set of input .parameters, one can obtain interesting 
constraints j_Epr recent reviews, see Refs. ESEa. 

In Ref.Ej that we will closely follow here, a global fit in the mSUGRA scenario 
has been performed. The output is shown in Fig. 3 in the too-TOi/2 plane for three 
values of tan (3 = 2, 10, 35 and both signs of /i; the remaining mSUGRA parameter 
Aq was allowed to vary between. —500 GeV < Aq < +500 GeV. The main ingredients 
of the analysis are as follows Ej: 

i) Require correct EW symmetry breaking, that the SUSY particle masses are 
physical, and that the lightest neutralino is indeed the LSP; this leads to a disallowed 
region in Fig. 3 in the upper left corner [solid lines] . 

ii) Impose the experimental lower bound on the lightest chargino mass m^± > 
91 GeV; this then excludes the region below the horizontal solid line. 

in) Include the SUSY corrections to the W/Z boson self-energies and in partic- 
ular to Ap [the vertex corrections are very small and do not lead to any constraint] 
and perform a fit; the region from the solid line to the dashed contour is then 
excluded at the 95% confidence level. 

iv) Include the SUSY contribution to BK{B Xg'^); the region from the 
dashed to the dotted contours is the excluded at the 95% confidence level. 

The portion of the mo-mi/2 plane which is above and to the right of all the 
contours is the favored region for the mSUGRA scenario. One can see that the 
constraint from the chargino mass bound is significant. The constraint from the p 
parameter excludes a corner of the mo-mi/2 plane corresponding to small values of 
Too and TOi/2. The constraint from BR(_B —^ Xgj) is the most significant one and 
excludes a large portion of the too-toi/2 plane for sign(/x) < or tan/? large; the 
constraint become very strong when both conditions are met. 

In order to treat the SUSY loop contributions to the electroweak observables at 
the same level of accuracy as the standard contributions, higher-order corrections 
should be incorporated; in particular the QCD corrections, which because of the 
large value of the strong coupling constant can be rather important, must be known. 

Recently thejiext-to-leading order QCD correction to the decay b ^ sj have 
been completed o in both a general two-Higgs doublet model [i.e. the correction 
to the contribution of the boson] and in the SUSY case [i.e. including the 
stop/chargino loops]. The correction turns out to be rather important, and must 
be taken into account. Also recently, the results for the 0{as) correction to the 
contribution of the scalar top and bottom quark loops .to. the gauge boson self- 
energies and hence to the p parameter have been derivedE3'E2l. In the next section, 
I will summarize the main features and main results of this calculation. 
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Figure 3: Favored regions in the mSUGRA mo-mx/2 plane lie in the region which is above and 
to the right of all drawn contours; From Ref. [25]. 
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4 QCD corrections to the p pcirameter 

4.1 The SUSY-QCD Lagrangian 

In SUSY theories, as strongly interacting particles one has in addition to gluons and 
quarks, the gluinos g and three generations of left- and right-handed squarks, qL 
and qR. The interactions between gluon \V^\, gluino [A], quark and scalar quark 
fields are dictated by SU(3)c gauge invariance and arc given by the Lagrangian 

= .^kin + ^mat + -^self + .^Yuk + .^soft (4) 

There is first the self-interactions of the gauge fields, where in addition to the 3 and 
4-gluon vertices that we do not write, there is a term containing the interaction of 
the gluinos with the gluons [a^ are the Pauli matrices which help to write down 
things in a two-component notation and fabc the structure constants of SU(3)]: 

-Ckin = i5/a6cA VA'-V; + "3F" + "4y" (5) 

Then, there is a piece describing the interaction of the gauge and matter particles 

/:mat = -9T^V^4^,a^i^,~zgT'l^V'^(^:d-<j,,+g\T-T%,V;V^'^^^^ 

+tgYV2^ {X-yjjcj,* - A"V^..^,) (6) 

Besides the usual term for the gluon quark interaction and the terms for purely 
scalar QCD [the derivative term for the gluon squark interaction and the quartic 
term for the interaction between two gluons and two squarks] one also has a Yukawa- 
like term for the interaction of a quark, a squark and a gluino; SUSY imposes that 
the two coupling constants are the same gy = 9- 

There is also a term for the self interactions between the scalar fields; in the 
case where squarks have the same hclicity and flavor, one has 

-Cseif = -g'/S {S''6''^ + S'^S"') cl>i<l>*<Pk<l>I (7) 

Finally, there are the Yukawa interactions which generate the fermion masses, and 
the soft-SUSY breaking parameters which give masses to the gaugino and scalar 
fields and introduce the trilinear couplings Aq. In the MSSM, these terms can be 
written in a simplified way for the first generation as [u and d are the left-handed 
quarks, u and d their partners and Q/Q the left-handed doublets] 

jCvuk = huQHiu' + hdQH2d^ (8) 
-Csoft = -mg/2 AA + ^ m? + • • • + KA^QHiu" + hdAdQE^d"" + ■ ■ -(9) 

4-2 New features and complications compared to Standard QCD 

When one deals with calculations of QCD corrections in SUSY theories, a few 
complications compared to standard QCD corrections appear: 

- Contrary to their standard partners the gluons, gluinos are massive particles 
due to the soft breaking of SUSY as discussed previously. In fact, gluinos are rather 
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heavy in most of realistic and theoretically interesting models, and from the negative 
search of these states at the Tevatron a lower bound rrtg > 200 GeV has been set on 
their masses; see Table 1. Light gluinos, which could be produced in 4-jet events at 
LEPl seem to be experimentally ruled outtl. Note also that gluinos are Majorana 
particles, and some care is needed in handling these states. 

- As discussed previously, the left- and right-handed current eigenstates 
and qR, mix to give the mass eigenstates qi and 92- The amount of mixing is 
proportional to the partner quark mass, and therefore is important only in the 
case of third generation, especially for the top squarks which can have large mass 
splittings. The mixing can also be important in the b sector for large tg/3 values. 

- In standard QCD, the only parameters are the QCD coupling constant as 
as well as the quark masses niq which in the high-energy limit can be set to zero. 
In SUSY-QCD, much more parameters are present: besides the q masses [which 
are different in general] and the g mass, one has the soft-SUSY breaking trilinear 
couplings Aq as well as the mixing angles dq. These parameters are in general 
related, complicating the renormalisation procedure and making next-to-leading 
order calculations more involved since one has to deal with loop diagrams involving 
different particles or with multi-particle final states with several different masses. 

- There is also a problem with the regularisation scheme. Indeed, the usual 
dimensional regularisation E£l scheme which is used in standard QCD, breaks Su- 
persymmetry cj. For instance the equality between the strong gauge coupling g 
and the Yukawa coupling gy is not automatically maintained at higher orders, and 
one has to enforcjS it by adding additional counterterms. In the dimensional re- 
duction scheme Ej, where only the four-vectors and not the Dirac algebra are in 
n-dimension, the equality between the two couplings is maintained automatically 
and this scheme is therefore more convenient. However, in some cases, gauge in- 
variance can be broken in this scheme and again one has to add extra counterterms 
to satisfy the Ward identities. 

- Finally, there is an additional complication when Higgs bosons are involved. 
Indeed, when calculating QCD corrections for the pseudoscalar HiggsJioson A, one 
has to be careful with the treatment of 75 beyond the one-loop level E3. 

4-3 Two-loop QCD corrections to the p parameter 

At 0{aas)^ the two-loop Feynman diagrams contributing to the p parameter in 
SUSY consist of two sets which, at vanishing external momentum and after the 
inclusion of the counterterms, are separately ultraviolet finite and gauge-invariant. 
The first one has diagrams involving only gluon exchange. Fig. 4a; in this case the 
calculation is similar to the SM, although technically more complicated due to the 
larger number of diagrams and the presence of q mixing. The diagrams involving 
the quartic scalar-quark interaction in Fig. 4a will either contribute only to the 
longitudinal component of the self-energies or can be absorbed into the q mass and 
mixing angle renormalisation as will be discussed later. The second set consists of 
diagrams involving scalar quarks, gluinos as well as quarks. Fig. 4b; in this case the 
calculation becomes very complicated due to the even larger number of diagrams 
and to the presence of up to 5 particles with different masses in the loops. 
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Figure 4: Typical Feynman diagrams for the contribution of scalar quarks and gluinos to the 
W/Z-hoson self-energies at the two-loop level. 

The two-loop contribution of a complete quark/squark generation to the vac- 
uum polarization functions 9f||tlie electroweak gauge bosons at zero momentum- 
transfer have been calculated c3'E3 taking into account general mixing between scalar 
quarks and allowing for all particles to have different masses. The results were de- 
rived by two independent calculations using different methods: one by evaluating 
the unrenormalised self-energies and the mass and self-ep£rgy counterterms almost 
by hand and the other by using the package FeynArtst3 where the relevant part 
of the MSSM has been implemented. The two independent calculations allowed for 
thorough checks of the final results. 

The two-loop Feynman diagrams of Fig. 4 have to be supplemented by the 
corresponding counterterm insertions into the one-loop diagrams. By virtue of the 
Ward identity, the vertex and wave-function renormalisation constants cancel each 
other. The mass renormalisation has been performed in the on-shell scheme, where 
the mass is defined as the pole of the propagator. The mixing angle renormalisation 
is performed in such a way that all transitions from qi ^ qj which do not depend 
on the loop-momenta in the two-loop diagrams are canceled; this renormalisation 
condition is equivalent to the one used in Ref.a for scalar quark decays. With this 
choice of the mass and mixing angle renormalisation, the pure scalar quark diagrams 
in Fig. 4a that contribute to the transverse parts of the gauge-boson self-energies 
are canceled. 

In order to discuss the results, one can first concentrate on the contribution 
of the gluonic corrections. Fig. 4a, and the corresponding counterterms, which has 
a very simple analytical expression. Indeed, the contribution of the (t, h) doublet 
to the p parameter, including the two-loop gluon exchange and pure scalar quark 
diagrams is very simple if the mixing in the h sector is neglected; it is given by: 



SUSY 



4V27r3 



TO? 
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TOr 



(10) 
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where the two-loop function Fi{x,y) is given in terms of dilogarithms by 



Fi{x,y)^a+-2^\og- 
a- V 



2; , X 
2 + - log - 

y y 



■log'--2a_Li2 1-- (11) 



y 



y, 



with a± = x±y. This function is symmetric in the interchange of x and y. As in the 
case of the one-loop function Fq, it vanishes for degenerate masses, Fi{x,x) = 0, 
while in the case of large mass splitting it increases with the heavy scalar quark 
mass squared: Fi{x, 0) = x{l + tt^/S). 

The two-loop gluonic SUSY contribution to Ap is shown in Fig. 5 as a function 
of the common scalar mass rriq, for the two scenarios discussed previously: 6j: = 
and ~ —tt/4. As can be seen, the two-loop contribution is of the order of 
10 to 15% of the one-loop result. Contrary to the SMj-ease [and to many QCD 
corrections to electroweak processes in the SM, see Ref. for a review] where the 
two-loop correction screens the one-loop contribution, Ap^^^^ has the same sign 
as Apo^^^. For instance, in the case of degenerate i quarks with masses ^ m^, 
the result is the same as the QCD correction to the {t, b) contribution in the SM, 
but with opposite sign. The gluonic correction to the contribution of scalar quarks 
to the p parameter will therefore enhance the sensitivity in the search of the virtual 
effects of scalar quarks in high-precision electroweak measurements. 



no mixing 
max. mixing 




Figure 5: Gluon exchange contribution to the p parameter at two-loop as a function of rrtq. 



The analytical expressions of the contribution of the two-loop diagrams with 
gluino exchange, Fig. 4b, to the electroweak gauge boson self-energies are very 
complicated even at zero momentum-transfer. Besides the fact that the scalar 
quark mixing leads to a large number of contributing diagrams, this is mainly due 
to the presence of up to five particles with different masses in the loops. The lengthy 
expressions are given in Ref. Ej. It turned out that in general the gluino exchange 
diagrams give smaller contributions compared to gluon exchange. Only for gluino 
and squark masses close to the experimental bounds they compete with the gluon 
exchange contributions. In this case, the gluon and gluino contributions add up to 
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~ 30% of the one-loop value for maximal mixing; Fig. 6. For larger values of mg, 
the contribution decreases rapidly since the gluinos decouple for high masses. 

Finally, let us note that for the diagrams in Fig. 4a analytical ejsqiressions for 
arbitrary momentum-transfer can be obtained as discussed in Ref. l3. With the 
present computational knowledge of two-loop radiative corrections, analytical exact 
results for the diagrams involving gluino exchange, Fig. 4b, cannot be obtained 
for arbitrary either approximations like heavy mass expansions or numerical 
methods have to be applied. 
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Figure 6: Contribution of the gluino exchange diagrams to Ap^^^^ for two values of rrig. 




5 Summary 

I have discussed the possibility of detecting the virtual effects of the new particles 
predicted by supersymmetric extensions of the Standard Model in the high-precision 
electroweak observables measured at LEP/SLC, the Tevatron and CLEO. In view of 
the experimental accuracies on these observables and the experimental limits on the 
SUSY particle masses, the two only observables where these new effects might show 
up are the p parameter and the radiative decay h — s- 57. The experimental values of 
the two quantities agree well, for the time being, with Standard Model expectations 
and rather strong constraints on the MSSM parameter space can be obtained. In 
the not too far future, more experimental accuracy can be achieved giving the hope 
that some deviations from SM predictions might appear, thus showing for the first 
time an indirect manifestation of SUSY. 

In order to make an accurate comparison between experimental and theoretical 
values, high order effects must be included in the prediction for these two observ- 
ables. The next-to-leading order SUSY-QCD corrections have been made available 
for both of them. In the last part of this lecture, I tried to summarize the way, the 
techniques, and the complications of performing such calculations, taking as an 
example the two-loop SUSY-QCD corrections to the p parameter. 
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